We present a study of the temporal pre-pulse contrast degradation of high focused intensity pulses produced in CPA laser systems due to imperfections in amplifier design, alignment of amplifier components, and crystal inhomogenity. Using a measurement technique we have developed, we demonstrate the presence of multiple crystal domains inside Ti:sapphire slabs with ≈10 cm diameter. The results of our numeric calculations show that crystalline c-axis orientation inhomogenity caused by these crystal domains can lead to generation of pre-pulses with relative contrast >10 −10 within several picoseconds before the main pulse. In a multiple-slab amplifier head configuration sometimes used in high repetition rate systems, the misalignment of the amplifier slabs crystalline c-axes with respect to each other can lead to the generation of pre-pulses with relative contrast as high as 10 −6 , depending on the magnitude of misalignment.
INTRODUCTION
High-peak-power short-pulse lasers are a powerful tool for: studying matter in extreme states, generation of high-brightness sources of radiation and particles, acceleration of particles to relativistic velocities, and other new applications.
1-4 Further increasing the utility of these terawatt (TW) and petawatt (PW) lasers may require increased peak power and the repetition rate as well as improvements to the temporal pre-pulse contrast.
The development of TW and PW laser systems has been enabled by the implementation of chirped pulse amplification (CPA). 5, 6 For laser systems generating high-energy pulses shorter than 100 fs, typically either Ti:sapphire 7 is used as a gain medium, or the optical parametric chirped pulse amplification (OPCPA) technique is employed. 8 Within the last decade, the output peak power of pulses generated by PW-class laser systems has increased from ≈1 Petawatt to over 5 Petawatts, 9-14 which has been facilitated by improvements in Ti:sapphire crystal growth techniques. 15 The sizes of Ti:sapphire crystals used in PW class laser systems typically range from a few cm to >20 cm.
The results of many experiments carried out with TW and PW lasers are adversely impacted by the presence of pre-pulses before the main pulse. 16, 17 Typically, the intensity on the target before the main pulse needs to be lower than 10 11 W·cm −2 to avoid generating plasma before the interaction with the primary pulse. 18 This requiries a pulse free of any pre-pulses with intensity ratio of at least 10 10 for lasers capable of producing focused intensity on the order of 10 21 W·cm −2 , and even better pre-pulse intensity ratio for lasers with higher focused intensity. Therefore, great care has to be exercised in the design of the amplifier chain and its components to avoid generation of pre-pulses. Here, we present a study of the impact of optical axis orientation inhomogeneities and misorientation of Ti:sapphire amplifier crystals, connected to polarization rotation effects, where nonlinear phase modulation can generate pre-pulses by the mechanism of post-pulse mirroring.
SPATIALLY RESOLVED C-AXIS ORIENTATION MEASUREMENT
In order to evaluate the homogenity of Ti:sapphire crystals, we have developed a method for measurement of the spatially resolved map of the c-axis orientation. Our experimental setup is shown in Figure 1 . A beam from a commercial fiber-coupled CW laser source (CrystaLaser IRCL-300-1053-S) is collimated using a fiber coupled collimator and expanded 3× by a refractive telescope to overfill an adjustable aperture. The beam then passes through a λ/2 waveplate and polarizer with high extinction ratio. The waveplate is used to adjust the direction of the linear polarization of the beam incident on the first polarizer. The beam is then expanded by another refractive telescope with 6.6× magnification. After passing through the sample, the beam is demagnified and imaged onto a second high extinction ratio polarizer (>10 7 ). Finally, the beam is imaged from the second polarizer onto a CCD camera. The measured crystal sample is held in a mount that allows for rotation around the axis perpendicular to the face of the crystal. We assume the orientation of the c-axis within the sample is uniform along the propagation of the beam. The map of projection of the c-axis onto the face of the crystal is extracted from the acquired images of the beam intensity passing through the crossed polarizers at different angles of rotation of the sample. Positioning of the mirror M3 between telescope lenses L5 and L6 is not optimal with respect to polarization sensitivity of the measurement, but spatial restrictions did not allow us to insert the mirror before the lens L5. Because of imaging, the theoretical dependence of the measured intensity I out (θ) on the rotation angle θ of the sample (based on Jones calculus) for each point within the measured area of the sample can be written as
where I 0 and I B are the input intensity and background intensity, T s and T p are the slab and polarizer transmittance, E is the polarizer power extinction ratio, θ c is the local c-axis orientation, θ is the slab rotation angle, and φ is the phase difference between ordinary and extraordinary polarization propagating through the sample. From (1) it can be seen that the transmitted intensity I out changes with the slab rotation angle θ. This effect is strongest when φ = π and it is suppressed when φ = 0. Since the power of the sine and cosine in (1) is even, the value of the measured intensity is symmetrical with respect to -θ c . Consequently, θ c can be found as a minimum of the function I out (θ) for each point within the measured area of the sample, yielding the local map of the c-axis projection.
Using this method, we have characterized several large aperture Ti:sapphire crystals with ≈10 cm diameter. Figure 2 shows the results of our measurement for two different crystals obtained from the same boule. There is a clearly visible L-shaped area at the bottom left part of the measurement aperture where the c-axis projection is misoriented with respect to the rest of the crystal. The maximum deviation of the c-axis direction in Figure  2 a), measured from the mean direction in the rest of the crystal, reaches up to 0.7
• .
As can be seen from Figure 2 b), there are missing data in the c-axis map at the top of the measured area. The reason is that the phase term 1 − cos φ is close to zero in this area due to a wedge in thickness of the crystal. As a consequence, no minimum of the measured intensity I out (θ) can be found, and therefore it is not possible to measure the c-axis projection orientation. A way to overcome this limitation is to use a broadband or swept wavelength laser source with sufficient bandwidth, rather than a narrow-band source. The bandwidth ∆λ required to eliminate the dependence on the phase term can be calculated using the following formula:
where L is the thickness of the sample, n o and n e are the ordinary and extraordinary refractive index, and λ is the center wavelength of the laser source. At 1053 nm, the required bandwidth is ≈12 nm and at 800 nm it is ≈7 nm. 
CPA AMPLIFIER CONTRAST MODEL
As shown by Didenko, the presence of post-pulses during the amplification of a chirped pulse can lead to the generation of pre-pulses upon re-compression of the pulse. 19 Therefore, care has to be taken in the design of high peak power CPA amplifier chains to not introduce post-pulses into the main beam path. These post-pulses can be mitigated by deliberately tilting the surfaces which serve as the sources of parasitic reflections, so that the reflections are spatially separated from the main beam path.
When considering amplification in CPA amplifiers, it can be shown that it is possible to generate post-pulses and pre-pulses due to birefringence of the amplifier gain medium. Upon incidence on the amplifier crystal, the incident pulse electric field E in (t) splits between the ordinary and extraordinary polarization components E o (t) and E e (t), respectively. In the special case of Ti:sapphire, the ordinary polarization component propagates through the crystal slower than the extraordinary one, and the main pulse has extraordinary polarization. The ordinary component then becomes a post-pulse E o (t − T ) with polarization perpendicular to the main pulse. The delay T of the post-pulse can be calculated from the group indices n go , n ge , and from the thicknes of the gain medium L as
where c is the vacuum speed of light. For Ti:sapphire and wavelengths around 800 nm, the post pulse delay is ≈28 fs·mm −1 . The magnitude of the amplitudes of the post-pulse E o (t − T ) and the main pulse E e (t) depend on the angle between the polarization of the pulse entering the medium and the local c-axis of the amplifier crystal φ as
Since the polarizations of the two pulses are perpendicular, the post pulse cannot be mirrored into a prepulse. However, typical TW and PW laser chains contain several amplifiers with multiple passes through each amplifier. The two mentioned polarization components project onto the directions of the extraordinary and ordinary polarization components of the next crystal or pass. Due to the limited precision of co-alignment of the amplifier crystal c-axis with the polarization direction of the amplified pulse, inhomogenity of the amplifier crystal c-axis orientation, or possible polarization rotation between subsequent amplifier passes, part of the previously delayed replica of the main pulse can become polarized in the same direction as the main amplified pulse, and it can be transformed into a pre-pulse due to B-integral post-pulse mirroring.
We have developed a numeric model to evaluate the impact of this effect by calculating the intensity contrast of a pulse after passing through one or more multipass CPA amplifiers and being compressed. The model is spatially resolved, i.e. the calculation is performed separately on a defined grid of points within the profile of the beam. First, the input beam and pulse properties are defined (beam shape and intensity profile, pulse shape, energy, spectrum, etc.). Next, the pulse is passed through the amplifier, where splitting and delay due to birefringence and propagation through the amplifier crystals are calculated. For each pass through each amplifier crystal, the amplification from crystal gain and the spectral phase from nonlinear refractive index are calculated for both polarization components. Finally, the compressed pulse and its intensity background are calculated by adding the spectral phase of the compressor to the final spectrum of the amplified pulse and transforming to temporal domain. To evaluate the intensity contrast relevant to experiments, we model the focusing of the beam on target by summing the results obtained for the individual points of the spatial grid. This is equivalent to the case of an ideal focusing element and perfectly flat wavefront of the amplified pulse, and yields the same result as calculating the mean contrast across the profile of the beam.
We assume in our calculations that the spectral phase introduced by stretcher and compressor is dominated by the second order term, group delay dispersion, and the higher orders are equal to zero. We can therefore use linear time-frequency correspondence
between the stretched pulse and its spectrum to simplify the calculation. Here t is time, ω angular frequency, ω 0 center frequency of the pulse spectrum, β is the chirp constant and GDD is the corresponding stretcher group delay dispersion. We do not expect the higher order spectral phase terms to have a significant impact on the results of the pre-pulse intensity calculation.
The time-frequency correspondence enables the calculation of the non-linear spectral phase φ N L (ω) resulting from self-phase modulation (SPM). This phase term can be written as
where ε 0 is the vacuum permitivity, n 0 is the refractive index of the gain medium, and G is the gain per pass through the amplifier crystal. We use the sampling of the electric field intensity of the pulse E(t) and its spectrum S(ω) according to Figure 3 . In time domain, the complex electric field intensity of the pulse is sampled within a time range from −T s to T s , where T s is given by the equation
The number of equally-spaced samples on this range is r, and the time step dt is therefore
where ∆ω is the width of the sampling interval in frequency domain. This equation relates together the time and frequency scale when using FFT and IFFT algorithms. In frequency domain, the sampling interval of the complex frequency domain electric field goes from ω 0 − ∆ω 2 to ω 0 + ∆ω 2 , where the frequency range ∆ω can be calculated from ∆ω = 2 πrβ.
The time t i and frequency ω i , corresponding to i-th sample E i and S i , fulfill the time frequency correspondence (5), and the frequency range ∆ω is equal to the range of instantaneous frequencies sampled within the pulse in time domain. Because of this particular selection of the sampling, the nonlinear spectral phase φ N Li can be calculated as
and applied to S i according to
where j is the imaginary unit. 
Numeric model validation
We have performed a number of tests when developing the model in order to validate the results. In particular, it is worth mentioning the comparison of the relative intensity I −1 of the first pre-pulse calculated by our model with the analytical value calculated using the formula
derived by Didenko for top-hat beams. 19 Here B is the B-integral from propagation through the nonlinear medium, I +1 is the intensity of the seed post-pulse, and I 0 is the intensity of the main pulse. The result of this comparison is shown in Figure 4 a). As can be seen from the graph, our model matches the experimentally validated formula almost exactly for the lower values of the post-pulse intensity and B-integral. For B-integral values >1, the model calculates slightly higher pre-pulse intensities, and for post-pulse intensities >10 −3 , the calculated pre-pulse intensities are slightly lower. Figure 4 b) shows the calculated pre-pulse and post-pulse background of a pulse that was propagated together with a post-pulse through 20 mm of fused silica. The relative post-pulse intensity was 10 −6 and its delay with respect to the main pulse was 1 ps. The B-integral of the pulse from the propagation is 0.075. In addition to the post-pulse at 1 ps and the pre-pulse at -1 ps, there are visible also pre-pulses at -3 ps and -2 ps, and post-pulses at 2 ps and 3 ps. It can be shown that the intensity modulation from interference between the main pulse and the post-pulse results in the generation of pulses at ±mT , where m is an arbitrary integer number. The intensity of the pulses decreases with increasing m, and for reasonably small B-integral and post-pulse relative intensity values, only the first and the second pre-pulse can have intensity relevant to laser-matter interaction experiments at intensities up to 10 23 W·cm −2 .
NUMERIC SIMULATION RESULTS
We have used the described model to evaluate the impact of crystal imperfections and alignment tolerances on prepulse contrast of a model PW Ti:sapphire laser system. We modeled a 4-pass multi-slab amplifier configuration with relay imaging between subsequent amplifier passes, and amplification to ≈40 J with a net gain of 175 and B-integral of ≈0.8. The sources of post-pulses in this model amplifier were: misorientation of the c-axes of the amplifier slabs with respect to each other, imperfection of the direction of the optical axis of the amplifier crystals, and from polarization rotation between consecutive amplifier passes.
Amplifier misalignments
First, we have calculated separately the influence of polarization rotation between subsequent amplifier passes and misalignment of the amplifier slabs with respect to each other. We assumed a pass-to-pass rotation between 0.2 • and 0.5
• for the polarization of the pulse. For the misalignment of the amplifier slabs with respect to each other, we have assumed between 0.3
• and 0.6
• . The resulting calculated intensity contrast of the pulse after amplification and compression is shown in Figure 5 . The green dashed curve shows the ideal contrast of the amplified pulse without any sources of post-pulses. The two artifacts around ±6 ps and one around ±10 ps come from the numeric calculation. The red curve shows the intensity contrast of the pulse when polarization rotation between amplifier passes is present. Four pre-pulses are present within 5 ps of the main pulse, the strongest having a relative intensity of 5×10 −11 . The blue curve shows the intensity contrast of the amplified pulse when misalignment of the amplifier slabs with respect to each other is taken into account. In this case, there are several pre-pulses with relative intensity above 10 −10 present within 3.3 ps of the main pulse. The strongest pre-pulse is located at -430 fs, and its relative intensity is 1×10 −8 .
The intensity contrast shown with the blue curve in Figure 5 is the worst case scenario for our slab misalignment tolerance. It is reasonable to assume that the alignment of the slabs for given tolerance can be better, Figure 5 . Calculated pre-pulse contrast of a 4-pass CPA amplifier with no post-pulse sources present (green), pre-pulses from polarization rotation between amplifier passes (red), and pre-pulses from imperfect mutual orientation of the amplifier slabs (blue).
in which case the pre-pulse contrast would also improve. To quantify the potential impact of alignment tolerance on pre-pulse contrast, we have performed a Monte Carlo analysis of the relative intensity of the strongest pre-pulse. We have randomly generated tolerance values with a uniform distribution from 0
• to 1
• . For each of the tolerance values, we have generated the angles of individual slabs with respect to the polarization of the input pulse. For each set of input parameters generated in this way, we performed the calculation of pre-pulse contrast and evaluated the position and intensity of the strongest pre-pulse. The result is shown in Figure 6 . Each point in the graph represents the relative intensity of the strongest pre-pulse, calculated for the set of slab angles within the tolerance. The color of the points is set according to the magnitude of misalignment, which is given as a Euclidean norm of the vector of angles between consecutive slabs. The blue curve in the graph shows the average value of the pre-pulse intensity for given alignment tolerance, which can be well approximated by the fourth power of the alignment tolerance. It can be seen that it is possible to generate pre-pulses with relative intensity on the order of 10 −10 even with a very strict tolerance of 0.1 • .
Amplifier crystal inhomogenity
Next, we evaluated the impact of inhomogenity of the amplifier slabs on the final pre-pulse contrast. We assumed the case when one of the amplifier slabs contains a crystal domain misoriented by 0.7
• with respect to the rest of the crystal. We have performed the calculation assuming the crystal domain covers 5% of the beam area. In order to make the data comparable with the previous Monte Carlo analysis, we have used the previously generated set of alignment tolerances and slab angles. As can be seen from Figure 7 , the misalignment of the entire slabs with respect to each other is dominant in determining the intensity of the strongest pre-pulse for misalignment magnitudes above 0.5
• . However, in the range of misalignment magnitudes below 0.5
• , the pre-pulses from crystal inhomogenity become dominant. The reason for this is that the contributions to the pre-pulse contrast from the parts of the beam passing through the crystal domain and through the rest of the beam add together. 
CONCLUSIONS
We have developed a method for spatially-resolved measurement of the inhomogenity of birefringent crystals used in CPA amplifiers. Using this method, we have characterized multiple Ti:sapphire slabs with 10 cm diameter, obtained from the same boule. We have observed the presence of multiple domains inside the crystals, the largest of which was misoriented by up to 0.7
• with respect to the rest of the crystal, and covered ≈5% of the crystal area. Our results show the presence of crystal inhomogenities not measurable by standard transmitted wavefront measurements.
In low repetition rate amplifiers, only one amplifier crystal is typically used, and therefore multiple slab misalignment is not an issue. In average power PW class laser systems, on the other hand, splitting the amplifier crystal of the final amplifier into multiple slabs is required for successful heat management. Care should be taken to ensure that slab-to-slab orientation and/or crystal domains do not adversely impact pre-pulse contrast when splitting amplifiers into greater numbers of slabs to enable further average power scaling. Applying our numeric model to the final amplifier of a PW class average power laser system, we have shown that if care is not taken, pre-pulses up to 10 −6 relative intensity can be generated within several picoseconds before the main pulse. The intensity of the pre-pulses depends on the magnitude of misalignment of the amplifier crystals, polarization rotation between amplifier passes, and inhomogenity of the amplifier crystals.
With homogenous crystals, the impact of the polarization rotation and misalignments of the amplifier crystals can be minimized by design and careful alignment. Based on the results of our numeric calculations for the case of a laser amplifier with B-integral ≈0.8, we would recommend setting the tolerance for misalignment of the amplifier slabs to 0.2
• in order to keep the pre-pulse intensity below 10 −10 . As shown in Figure 7 , setting a strict tolerance on alignment of the amplifier slabs does not help in the case when one or more of the crystals in the amplifier contain multiple misoriented crystal domains. In that case, the strongest pre-pulse can have intensity above 10 −10 even if the alignment of the slabs is perfect. Since the crystal homogenity depends on the technologically challenging crystal growth process, replacement of inhomogenous crystals is very expensive and time consuming. Variations of amplifier crystal c-axis direction are more likely to be present in large aperture crystals, which are difficult to grow with high homogenity. Therefore, the impact of those variations becomes especially significant for laser systems with >1 PW peak power. Measurement of the c-axis direction homogenity we propose here, particularly with a broadband laser source, can be used as an additional criterion for evaluation of the crystals supplied by the manufacturers, and for forecasting the impact of crystal imperfections on pre-pulse contrast.
